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Abstract
The interactions between ﬁre and grazing are widespread throughout ﬁre-
dependentlandscapes.Theutilizationofburnedareasbygrazinganimalsestablishes
the ﬁre–grazing interaction, but the preference for recently burned areas relative to
other inﬂuences (water, topography, etc.) is unknown. In this study, we determine
the strength of the ﬁre–grazing interaction by quantifying the inﬂuence of ﬁre on
ungulatesiteselection.Wecomparethepreferenceforrecentlyburnedpatchesrela-
tive to the inﬂuence of other environmental factors that contribute to site selection;
compare that preference between native and introduced ungulates; test relation-
ships between area burned and herbivore preference; and determine forage quality
and quantity as mechanisms of site selection. We used two large ungulate species
at two grassland locations within the southern Great Plains, USA. At each location,
spatially distinct patches were burned within larger areas through time, allowing
animals to select among burned and unburned areas. Using ﬁne scale ungulate
location data, we estimated resource selection functions to examine environmental
factorsinsiteselection.Ungulatespreferredrecentlyburnedareasandavoidedareas
with greater time since ﬁre, regardless of the size of landscape, herbivore species,
or proportion of area burned. Forage quality was inversely related to time since
ﬁre, while forage quantity was positively related. We show that ﬁre is an important
component of large ungulate behavior with a strong inﬂuence on site selection
that drives the ﬁre–grazing interaction. This interaction is an ecosystem process
that supersedes ﬁre and grazing as separate factors, shaping grassland landscapes.
Inclusion of the ﬁre–grazing interaction into ecological studies and conservation
practices of ﬁre-prone systems will aid in betterunderstanding and managingthese
systems.
Introduction
Fireandgrazingaffectalargeproportionoftheearth’secosys-
tems (Milchunas and Lauenroth 1993; Bond et al. 2005),
playing a critical role in both establishment and mainte-
nance of grasslands and savannas (Milchunas et al. 1988; van
Langevelde et al. 2003; Anderson 2006). While ﬁre and graz-
ing affect ecosystem processes independently, the interaction
betweenthemmaybemoreecologicallyimportantthantheir
independent effects. This interaction has been proposed as a
singledisturbance,pyricherbivory,deﬁnedasgrazingdriven
byﬁre(Fuhlendorfetal.2009).Theﬁre–grazinginteractionis
describedbypositiveandnegativefeedbacksinatightlycou-
pled ﬁre–grazing system, creating new states and effects not
present when the two processes are examined independently
(Fuhlendorf and Engle 2004; Archibald et al. 2005). When
ﬁre occurs in patches across a landscape, herbivores prefer-
entially select recently burned areas over areas with greater
time since ﬁre (Vinton et al. 1993; Sensenig et al. 2010). Due
to the dependence of fuel accumulation on grazing pressure,
probabilityofﬁreandﬁrebehaviorrespondscorrespondingly
to variation in herbivory (Leonard et al. 2010). These posi-
tive and negative feedbacks result in a complex disturbance
interaction that is best expressed as spatiotemporal patterns
across the landscape.
The ﬁre–grazing interaction is dynamic in space and
time, creating a shifting mosaic (Fuhlendorf and En-
gle 2004). This interaction shapes the landscape, creating
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heterogeneity at multiple scales (Fuhlendorf and Engle 2001;
Archibald et al. 2005). Due to the complex spatiotempo-
ral pattern, ﬁre–grazing interactions are critical to grassland
ecosystem structure and function. Variable vegetation struc-
tureassociatedwiththeﬁre–grazinginteractionisimportant
to biodiversity (Fuhlendorf et al. 2006), ﬁre behavior (Kerby
et al. 2007; Kirkpatrick et al. 2011), invasive species popula-
tions (Cummings et al. 2007), animal populations and com-
munities (Fuhlendorf et al. 2010; Parrini and Owen–Smith
2010), and ecosystem processes (Anderson et al. 2006).
Referredtoasthe“magneteffect”byArchibaldetal.(2005),
burned areas attract grazing animals, resulting in heavy se-
lection and use. This attraction to recently burned areas has
been documented with numerous animal species through-
out the globe (Pearson et al. 1995; Moe and Wegge 1997;
Kramer et al. 2003; Klop et al. 2007; Murphy and Bowman
2007; Onodi et al. 2008). Although it is widely known that
herbivores are attracted to burned areas, most large herbi-
vore behavior studies do not include direct effects of ﬁre, but
focus instead on other abiotic (e.g., topography, tempera-
ture, climate, etc.) or biotic (e.g., forage quantity, predation,
etc.) characteristics(e.g., Bailey et al. 1996;Fortinet al. 2003;
de Knegt et al. 2007; Winnie et al. 2008; Beest et al. 2010).
The inﬂuence of ﬁre on site selection, in relation to other
factors, is a key component of the ﬁre–grazing interaction
that is not well understood. While herbivore attraction to
burnedareashasbeenrecognized,thereislittleworkfocused
on the magnitude of the attraction as the context or mech-
anism of the ﬁre–grazing interaction (but see Sensenig et al.
2010).
Our principal goal was to determine the strength of the
ﬁre–grazing interaction by examining the inﬂuence of ﬁre
on ungulate site selection across locations that varied in
area and complexity, ranging from a large landscape with
random ﬁres to smaller landscapes with ﬁxed ﬁre patterns.
To be clear, we do not directly assess the interaction itself
(i.e., comparing systems with and without the interaction)
but rather focus on understanding primary mechanisms of
the ﬁre–grazing interaction. The overall strength or signiﬁ-
cance of the ﬁre–grazing interaction can be determined by
examining how ﬁre inﬂuences grazing behavior (the key link
between ﬁre and grazing). A pronounced and persistent in-
ﬂuencewillrevealastronginteraction,whileasubtleorslight
inﬂuence will indicate a weak interaction. Our speciﬁc ob-
jectives were to (1) compare ungulate preference for recently
burnedpatchesrelativetotheinﬂuenceofotherenvironmen-
tal factors, (2) compare that preference between native and
introduced ungulate species, (3) test relationships between
proportion of area burned and herbivore preference, and (4)
determine forage quality and quantity as causal mechanisms
ofsite selection.We showthatﬁre is a primarydriverin large
herbivorebehaviorandthattheﬁre–grazinginteractionisan
integral process within tallgrass prairies.
Methods
This study was conducted at two locations within the South-
ern Great Plains, USA: The Nature Conservancy Tallgrass
Prairie Preserve, north of Pawhuska, OK, USA and the Ok-
lahoma State University Research Range, southwest of Still-
water, OK, USA. The vegetation at both sites is classiﬁed
as tallgrass prairie with small patches of crosstimbers for-
est. Dominant grasses include Andropogon gerardii Vitman,
Schizachyrium scoparium (Michx.) Nash, Panicum virgatum
L., and Sorghastrum nutans (L.) Nash. Crosstimbers vegeta-
tion is dominated by Quercus stellata Wang. and Q. mari-
landica M¨ unchh. Fire–grazing interactions are a dominant
feature at both sites with spatially distinct patches burned
within larger areas during both dormant and growing sea-
sons (Fuhlendorf and Engle 2004; Hamilton 2007).
Experimental design
The Tallgrass Prairie Preserve contains one large unit (9532
ha)thatisgrazedbynativebison(Bisonbison)andﬁvesmaller
units (430–980 ha) grazed by introduced cattle (Bos taurus).
Bisonandcattlehaveaccesstoallareaswithintheirrespective
units(i.e.,therearenointeriorfences).Bisonaremaintained
in their unit throughout the year; herd size is approximately
2300 animals. Sex ratio of the bison herd is approximately
seven females per male; ages of females range from 0 to 10
years,whilemalesare0–6years.Herdingandgroupsizesvary
throughout the year; large, combined (bulls, cows, calves)
groups are most common in summer months, while smaller,
separatedgroupsarepresenttherestoftheyear(Schuleretal.
2006). It is rare that female bison are found alone or grazing
independently (B. Allred, personal observation). Cattle units
are stocked with stocker steers approximately 1 year of age
(mixed European breeds); cattle are present April through
September. Cattle numbers vary with unit, ranging from 169
to 463 steers. Cattle often congregate in herds, similar but
smaller than that of bison (B. Allred, personal observation).
Bisonandcattleareminimallyhandledandprovidedwithno
supplemental feed. All units are stocked with similar moder-
ate stocking rates (bison: 2.1 AUM/ha; cattle: 2.4 AUM/ha).
Approximately,one-thirdofthebisonunitisburnedannu-
ally. Burn patches vary in area (100–700 ha) and are located
randomly across the landscape (noncontiguous, no ﬁxed
burn units; Fig. 1). About 80% of area burned occurs dur-
ing the dormant season (40% in winter, 40% in late spring)
and 20% during the growing season (Hamilton 2007). The
variability in time since ﬁre of patches ranges from 0 to 6
years. We manipulated the proportion of area burned within
cattle units to examine the inﬂuence of relative burned area
available on ungulate site selection. We assigned each cattle
unit a ﬁre patch size of 50 (i.e., half the unit is burned), 33,
25, 17, or 12% (see Fig. S1). In contrast to randomly located
burned patches within the bison unit, location of patches in
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Figure 1. Illustration of patchy ﬁre within the bison unit (9532 ha) at
the Tallgrass Prairie Preserve, OK, USA. Map displays ﬁres applied in 2009
and 2010. Spatially distinct patches are burned within the bison unit in
spring, summer, and winter. Burn locations are not ﬁxed and vary by
year and season. Only perimeter fences are present, allowing bison free
access to all burns. The ﬁre–grazing interaction occurs as bison select
between recently burned and areas with greater time since ﬁre.
cattle units is ﬁxed and contiguous. Variability in time since
ﬁreofpatchesrangesfrom0to4yearsandisdependentupon
proportion of area burned.
We ﬁtted bison and cattle with global positioning systems
(GPS; GPS7000MU & GPS3300L, Lotek Wireless, Newmar-
ket, Canada). We deployed GPS collars on seven bison from
November 2008 through November 2010 (batteries replaced
and new animals chosen in November 2009) and ﬁve cattle
(one per unit) from April through September of 2009 and
2010 (batteries replaced and new animals chosen in April
2010). We recorded location information of each animal at
frequencies ranging from 12 min to 1 h.
To further understand the inﬂuence of ﬁre on ungulate
site selection at ﬁner spatial scales, we used two units (65
ha each) grazed by cattle at the Oklahoma State University
Research Range. As with the Tallgrass Prairie Preserve, only
unitperimeterfencesarepresentandanimalsarefreetoroam
within their respective units. Units are equally stocked (3.0
AUM/ha) with cattle (European breeds, yearlong cow–calf
operation). One-sixth of each unit is burned in the late dor-
mant season and an additional one-sixth during the growing
season (Fig. S1). Variability in time since ﬁre ranges from
0 to 3 years. We ﬁtted cattle with GPS collars (GPS3300LR,
LotekWireless);wedeployedGPScollarsonindividualcattle
(oneperunit)fromAugust2007throughDecember2009.We
recordedlocationinformationatafrequencyof5min.Collars
were retrieved every 6 weeks to replace batteries. We omit-
ted data from days in which animal behavior was inﬂuenced
by human activity, for example, general animal husbandry
practices. Though smaller in size and animal numbers than
other sites, cattle were often found congregated and grazing
together (B. Allred, personal observation).
Spatial data
Animal location data were differentially corrected with sta-
tionaryGPSdataobtainedfromtheirrespectivelocation;cor-
rected data were imported into a spatially enabled database
(PostgreSQL/PostGIS). We mapped unit perimeter, ﬁre his-
tory, water sources, and woody vegetation at all sites with
handheld GPS units, aerial and satellite imagery, and U.S.
Geological Survey 7.5 min topographic maps. We obtained
topography information (elevation, slope, aspect) from dig-
ital elevation models for each location. Aspect data were
transformed with simple trigonometric functions by cre-
ating two variables, northing = cosine(aspect) and easting
= sin(aspect). Variability of time since ﬁre, elevation, water
sources, and woody vegetation of the bison unit at the Tall-
grass Prairie Preserve is shown in Figures S2–5. Variability of
cattle units at the Tallgrass Prairie Preserve is similar to the
bison unit; variability of cattle units at the Oklahoma State
University Research Range is reduced due to smaller size.
Objective one
To compare the inﬂuence of time since ﬁre relative to other
environmentalfactors, we estimatedresourceselection func-
tions (Boyce et al. 2002) for animals at each location. We
established three random points for each observed location
to provide estimates of available conditions across the land-
scape. We ﬁrst tested whether animals used recently burned
areas more than random; we compared the number of ran-
domly placed points to recorded locations in areas that were
6 months since ﬁre using a t-test. Distance to water, distance
to ﬁre patch edge, ﬁre patch area, elevation, slope, northing,
easting, and time since ﬁre were associated with animal lo-
cations and established random points. We created resource
selectionfunctionsusingcombinationsofenvironmentalfac-
tors for each site. Model parameter selection was based on
knowledge of bison and cattle behavior and availability of
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data, either collected or remotely sensed. Crude protein and
biomassdata(discussedbelow)werenotincludedinresource
selection functions as they were sampled at only one site,
within a narrower time frame and at a broader sampling fre-
quencythan animallocationdata. Althoughreviewersraised
this concern, we show that using time since ﬁre is satisfac-
tory, as it is correlated with both crude protein and above-
ground biomass. Because we were speciﬁcally interested in
the inﬂuence of time since ﬁre of burn patches, we included
interaction terms for time since ﬁre with all other variables
(i.e., time since ﬁre × distance to water, time since ﬁre ×
slope,etc.).Inallmodelswithinteractionterms,weincluded
main effects of both variables. To compare inﬂuence of en-
vironmental factors, and to more easily interpret interaction
terms, we standardized variables by subtracting their mean
and dividing by their standard deviation (Gelman and Hill
2007).Toaccountforcorrelationwithinanindividualanimal
and among animals, individuals were included as a random
intercept in logistic regressions; for cattle at the Tallgrass
Prairie Preserve, individuals were also nested within their re-
spective unit (Gillies et al. 2006). We compared and ranked
various resource selection functions using Akaike informa-
tion criterion (AIC; Burnham and Anderson 2002). We used
bootstrapping procedures to estimate precision of resource
selection coefﬁcients and to test differences in inﬂuence of
environmental factors within species at each research loca-
tion. We compared coefﬁcients after calculating conﬁdence
intervals (95%) from 1000 iterations of randomly sampled
datasets; coefﬁcients were considered different if conﬁdence
intervals did not overlap.
Objective two
We used the bison and cattle units at the Tallgrass Prairie
Preserve to compare preference for recently burned areas (as
wellotherenvironmentalfactors)betweennative(bison)and
introduced(cattle)ungulatesintallgrassprairie.Toappropri-
ately compare selection between the two, we reduced bison
location data to match that of cattle (April–September, as
wellasfrequencyofGPSﬁx).Weestimatedseparateresource
selection functions for each species using top-ranked mod-
els from objective one. We used bootstrapping procedures
to estimate precision of resource selection coefﬁcients and
to test differences between species. We compared coefﬁcients
between species after calculating conﬁdence intervals (95%)
from 1,000 iterations of randomly sampled datasets; coefﬁ-
cients were considered different if conﬁdence intervals did
not overlap.
Objective three
We examined the inﬂuence of proportion of area burned on
preferenceforrecentlyburnedpatchesusingcattleunitsatthe
Tallgrass Prairie Preserve (varying from 50 to 12% burned).
We estimated separate resource selection functions for each
ﬁrepatchsize,followingproceduresinobjectiveone.Weused
linear regression to determine a relationship between pro-
portionburnedandherbivorepreferenceforrecentlyburned
areas.
Objective four
We examined the response of forage quality and quantity to
the ﬁre–grazing interaction within cattle units of the Okla-
homa State University Research Range. We harvested above-
groundplanttissue(liveanddeadcombined)fromfourran-
domlyplaced0.10m2plotsinpatchesthatvariedintimesince
ﬁre. We collected samples every 2 weeks from April through
November 2009. After drying samples to a constant mass,
we recorded the weight of each sample and determined per-
cent crude protein using a dry combustion analyzer (LECO
Corp., St. Joseph, MI). We used linear regression to test rela-
tionships of crude protein and aboveground biomass to time
sinceﬁre.WeperformedallanalysesusingR(RDevelopment
Core Team 2010) with additional use of the lme4 package for
mixedeffectsresourceselectionfunctions(BatesandMaech-
ler 2010), and doMPI (Weston 2009), foreach (Revolution
Computing 2009), and Rmpi (Yu 2010) packages for high-
performance computing.
Results
Animals at each research location used recently burned ar-
eas more than random (P < 0.05). Common environmental
factors that inﬂuence ungulate site selection were of lesser
inﬂuence than time since ﬁre (objective one; Table 1). Of
resource selection functions examined for bison, the model
that contained interaction terms of time since ﬁre with all
variables less northing and easting, had the best ﬁt based on
AICs; (Table S1). Based on resource selection coefﬁcients,
primary drivers of bison site selection were time since ﬁre
(selecting recently burned areas) and avoiding woody vege-
tation (Table 1). Bison also avoided steeper slopes and larger
ﬁrepatches.Bisonselectedareasclosertowaterandﬁrepatch
edge, but both had a small inﬂuence relative to other vari-
ables.Interactionsoftimesinceﬁrewithothervariablesshow
that ﬁre is critical to understanding most aspects of grazing
behavior. The inﬂuence of time since ﬁre increased as slope,
distance to ﬁre patch edge, ﬁre patch area, and elevation in-
creased.Conversely,theinﬂuenceoftimesinceﬁredecreased
as distance to water increased and as woody vegetation be-
came present. The probability of selection for bison at the
Tallgrass Prairie Preserve, based upon parameters in Table 1,
is displayed in Figure 2.
Time since ﬁre also was a primary driver in site selection
by cattle at the Tallgrass Prairie Preserve (Table 1). The com-
bination of interaction terms of time since ﬁre with most
other variables (less northing and easting) had the best ﬁt
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Table 1. Estimated resource selection function coefﬁcients for bison and cattle at the Tallgrass Prairie Preserve, OK, USA and cattle at the Oklahoma
State University Research Range, OK, USA. Model parameters include distance to water (m), distance to ﬁre patch edge (m), slope (%), elevation (m),
ﬁre patch area (ha), northing and easting (◦; both derivatives of aspect), woody vegetation, and time since ﬁre (days). Standardized variables shown
for coefﬁcient comparison. Letters indicate overlap in conﬁdence interval (95%) within species and research location; conﬁdence intervals calculated
using bootstrapping procedures (1000 iterations).
Bison, Tallgrass Prairie Preserve Estimate SE Z-value P
Intercept −1.2901 0.0058 −220.34 <0.01
Time since ﬁre −0.7373 0.0033 −222.68 <0.01
Distance to water −0.0100a 0.0023 −4.62 <0.01
Slope −0.4370 0.0033 −130.67 <0.01
Distance to patch edge −0.0133a 0.0027 −4.9 <0.01
Woody vegetation −1.0759 0.0178 −60.33 <0.01
Elevation 0.1604 0.0025 62.42 <0.01
Patch area −0.3460 0.0034 −100.85 <0.01
Time since ﬁre × distance to water 0.0952 0.0024 38.83 <0.01
Time since ﬁre × slope −0.1523 0.0039 −38.15 <0.01
Time since ﬁre × distance to patch edge −0.1161 0.0031 −37.36 <0.01
Time since ﬁre × woody 0.0521 0.0217 2.40 0.01
Time since ﬁre × elevation −0.1356 0.0027 −49.09 <0.01
Time since ﬁre × patch area −0.5156 0.0054 −95.27 <0.01
Cattle, Tallgrass Prairie Preserve Estimate SE Z-value P
Intercept 3.4719 0.4446 7.81 <0.01
Time since ﬁre −0.6959 0.0041 −168.44 <0.01
Distance to water −0.0214 0.0032 −6.68 <0.01
Slope −0.2079 0.0034 −60.31 <0.01
Distance to patch edge −0.0798 0.0030 −26.61 <0.01
Woody vegetation 0.9805 0.0190 51.53 <0.01
Elevation 0.0121 0.0037 3.27 <0.01
Northing −0.0075a 0.0025 −2.97 <0.01
Easting −0.0077a 0.0025 −3.04 <0.01
Time since ﬁre × distance to water −0.1661 0.0041 −39.94 <0.01
Time since ﬁre × slope −0.1800 0.0045 −39.28 <0.01
Time since ﬁre × distance to patch edge 0.0317 0.0029 10.79 <0.01
Time since ﬁre × woody 0.3297 0.0182 18.07 <0.01
Time since ﬁre × elevation −0.0558 0.0045 −12.25 <0.01
Cattle, Research Range Estimate SE Z-value P
Intercept −1.3277 0.0032 −413.47 <0.01
Time since ﬁre −0.7614 0.0033 −224.54 <0.01
Distance to water 0.1398 0.0028 48.69 <0.01
Slope −0.1010 0.0030 −33.39 <0.01
Woody vegetation 0.5993 0.0081 −73.24 <0.01
Northing 0.0151a 0.0026 5.62 <0.01
Easting 0.0061a 0.0026 2.28 0.02
Time since ﬁre × distance to water −0.0387b 0.0029 −13.05 <0.01
Time since ﬁre × slope −0.0292b 0.0033 −8.78 <0.01
Time since ﬁre × woody 0.2355 0.0088 26.72 <0.01
based on AICs (Table S2). Cattle selected recently burned
patches, minimizing the amount of time since ﬁre. In con-
trast to selection behavior of bison, however, cattle preferred
woody vegetation over all other attractants. Cattle selected
areas closer to water and patch edge, and avoided steeper
slopes. Interactions of time since ﬁre with other predictors
again indicate the complexity of the inﬂuence of ﬁre on site
selection. At the Oklahoma State University Research Range,
where unit size is smaller than other research locations, the
preferenceforrecentlyburnedareaswasalsostrong(Table1).
Ofmodelsexamined,thecombinationofinteractiontermsof
timesinceﬁrewithmostvariables(lessnorthingandeasting)
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Figure 2. Relative probability of site
selection by bison at the Tallgrass Prairie
Preserve, OK, USA, for September 2009 and
2010. Probabilities presented as a function
of parameters in Table 1. Solid orange lines
represent perimeter fences. See Figure 1 for
recently burned areas. Bison prefer recently
burned areas; probabilities change as ﬁre
moves around the landscape.
had the best ﬁt based on AICs similar to cattle in larger units
(Table S3). Similar to other sites, cattle preferred recently
burned areas. Cattle were also attracted to woody vegetation.
As with other research locations described, the interactions
of time since ﬁre with other factors were present. Preference
for recently burned areas was a primary driving force in site
selection,with greaterinﬂuence thanother factors (objective
one).
Comparison of bison and cattle selection revealed sim-
ilar and contrasting preferences (Table 2). After appropri-
ately matching data, most coefﬁcients were similar in pref-
erence or avoidance (indicated by sign of coefﬁcient, ±)t o
c   2011 The Authors. Published by Blackwell Publishing Ltd. 137Strength of Fire-Grazing Interaction B. W. Allred et al.
Table 2. Estimated resource selection function coefﬁcients comparing
native bison and introduced cattle at the Tallgrass Prairie Preserve, OK,
USA. Data were reduced to the months of April–September and equal
frequency sampling to appropriately compare selection between the two
species. Model parameters include distance to water (m), distance to ﬁre
patch edge (m), slope (%), elevation (m), ﬁre patch area (ha), northing
and easting (◦; both derivatives of aspect), woody vegetation, and time
since ﬁre (days). Standardized variables are shown for coefﬁcient com-
parison. Letters indicate overlap in conﬁdence interval (95%) between
bison and cattle; conﬁdence intervals calculated using bootstrapping
procedures (1000 iterations).
Bison Cattle
Intercept −1.8795 3.2734
Time since ﬁre −1.6072 −0.7438
Distance to water 0.0724 0.0075
Slope −0.5338 −0.2242
Distance to patch edge −0.0425 −0.0990
Woody vegetation −0.8216 1.1566
Elevation 0.2095 −0.0531
Patch area −0.4735 −
Northness −− 0.0170
Eastness −− 0.0040
Time since ﬁre × distance to water 0.1656a 0.1534a
Time since ﬁre × slope −0.2554 −0.2097
Time since ﬁre × distance to patch edge −0.2004 0.0453
Time since ﬁre × woody 0.3705b 0.3690b
Time since ﬁre × elevation −0.0446 −0.1096
Time since ﬁre × patch area −0.7287 −
population resource selection functions (created using full
datasets,Table1)butvariedinmagnitude.Selectionchanged
for distance to water in bison (minimized distance to max-
imized distance) and cattle (minimized distance to maxi-
mize distance), and elevation (preferred higher elevations to
avoided higher elevations) in cattle. While both species had
strong preferences for recently burned areas, the magnitude
of preference in native bison was greater than introduced
cattle (objective two).
Resourceselectionfunctionsforindividualcattleunitsthat
varied in proportion and size of ﬁre patch also displayed a
strong inﬂuence of ﬁre on site selection. Best-ﬁt models for
cattle units varied by individual units, but consistently in-
cluded interactions of time since ﬁre with other variables
(TableS4).Similartotheoverallpopulationmodel(inwhich
cattle units were analyzed collectively), cattle primarily se-
lected for recently burned and woody vegetation areas (Ta-
b l e3 ) .T h ep r o p o r t i o no fa r e ab u r n e dd i dn o tc o r r e l a t ew i t h
herbivore preference for burned areas. Coefﬁcients for time
sinceﬁrevariedamongcattleunits,buttherewasnorelation-
shipwithproportionburned(P >0.05;objectivethree),that
is, preference for burned areas was not signiﬁcantly altered if
half or one-eighth of the area was burned.
Forage quality and quantity of patches were dependent
upon time since ﬁre (objective four). Crude protein of patch
vegetation was greatest in the most recently burned area re-
gardless of season of burn (Fig. 3A and 3B). Forage quality
decreased with time since ﬁre (P < 0.05); at the end of sam-
pling, forage quality within recently burned areas was nearly
doublethatofotherareas.Incontrasttoforagequality,forage
quantity was lowest in recently burned areas and increased
with time since ﬁre (Fig. 4A and 4B; P < 0.05). A tradeoff
between forage quality and quantity was present; areas with
highest quality forage had the least quantities.
Discussion
The ecological interactions between ﬁre and grazing are im-
portant and have a deﬁning role across complex landscapes
(Archibald et al. 2005; Leonard et al. 2010; Sensenig et al.
2010). By speciﬁcally quantifying the inﬂuence of ﬁre on un-
gulate site selection, we were able to measure the primary
mechanism responsible for the ﬁre–grazing interaction and
better understand the role that ﬁre and grazing play within
thesesystems.Thebroad-scaleobservationalandexperimen-
tal work in this study reveals that ﬁre has a strong inﬂuence
onanimalbehaviorandthattheinteractionbetweenﬁreand
grazingitselfisstrong. Theamountoftimesinceaparticular
area has burned becomes the critical link between ﬁre and
grazing,asitisadrivingforceinsiteselection.Wefoundthat
the simple presence of ﬁre is less signiﬁcant than the pattern
or heterogeneity resulting from patch ﬁres, which forms the
mosaic that inﬂuences animal selection. If ﬁre occurs ho-
mogeneously across the complete area available to grazing
animals, the interactions between ﬁre and grazing cannot
occur.
For herbivores in our study, time since ﬁre ultimately
changed how animals distributed themselves, a key com-
ponent to the ﬁre–grazing interaction. Time since ﬁre had a
greater inﬂuence than slope or distance to water, two factors
thathavebeenshowntoprimarilydeterminesiteselectionof
bisonandcattle(Baileyetal.1996).Woodyvegetation,onthe
other hand, appeared to be the primary determining factor
of site selection, even greater than ﬁre. Native bison avoided
areas with trees, while domestic cattle preferred them. These
dissimilarities may be attributed to differences in thermal
regulation between the two species (Christopherson et al.
1979), with woody canopy cover providing shade from solar
radiation, particularly for cattle. It is often speculated that
bison do not seek cover from solar radiation, as animals are
adapted to temperature extremes of the Great Plains (Gogan
etal.2010).Iftrue,thereislikelylittleneedforbisontoselect
wooded areas, as vegetation is often different and reduced
in quantity (Limb et al. 2010). Bison also preferred smaller
burned patches over larger ones. As suggested by a reviewer,
examining and incorporating other environmental variables
deepensthedeﬁnitionandunderstandingoftheﬁre–grazing
interaction. It is not just the amount of time since ﬁre that
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Table 3. Estimated resource selection function coefﬁcients for cattle units that varied in proportion of area burned at the Tallgrass Prairie Preserve,
OK, USA. Model parameters include distance to water (wtr; m), distance to ﬁre patch edge (m), slope (slp; %), elevation (elev; m), northing (north) and
easting (east; ◦, both derivatives of aspect), woody vegetation (wdy), and time since ﬁre (tsf; days). Standardized variables are shown for coefﬁcient
comparison.
Proportion burned Time since ﬁre Water Slope Edge Woody Elevation Northness Eastness
50 −0.8152 −0.1928 −0.2224 −0.1824 −0.2644 0.4938 −−
33 −0.9401 0.1866 −0.0837 −0.2114 2.9839 0.0392 0.0182 −0.0171
25 −0.7408 0.0663 −0.1999 −0.1733 1.1045 −0.2263 −−
17 −0.8191 −0.0493 −0.0155 −0.4602 2.5479 0.1785 −0.0466 −0.0192
12 −0.5010 −0.2257 −0.2363 −0.1436 1.1764 0.1511 −−
Size tsf × wtr tsf × slp tsf × edge tsf × wdy tsf × elev tsf × north tsf × east
50 −− 0.0874 −0.3173 −0.1095 0.1265 −−
33 0.0391 0.0062 −0.3838 0.6220 −0.0375 −−
25 −0.0716 −0.0267 −0.1980 0.2719 0.0282 −−
17 −0.0531 −0.0232 −0.5955 −0.1584 0.1120 −0.0338 −0.0115
12 −0.1726 −0.0789 −0.1271 −0.3816 0.1483 −−
Figure 3. Crude protein (%) of tallgrass
prairie vegetation from April to December
2009 at the Oklahoma State University
Research Range, OK, USA. Symbols are
means (n = 4) representing patches that
vary in the amount of time since ﬁre; error
bars are one standard error. (A) Crude
protein shown by day of year. (B) Crude
protein as determined by the amount of
time since ﬁre (days).
determinesresponsebutasuiteofvariablesthatinﬂuenceone
another. In particular, patch size contributes to grazing pres-
sure(densityofherbivores)ofarecentlyburnedpatch,which
can maintain vegetation characteristics to which grazers are
attracted(highforagequality).Furthermore,byinvestigating
the interaction of time since ﬁre with other variables within
resource selection functions, we show the complexity and
connectednessofﬁre andgrazing.Forexample,as time since
ﬁre increases, distance to patch edge becomes more impor-
tant. Animals are more likely to stay closer to patch edges
when in areas with greater time since ﬁre, presumably to
stayclosertopreferredburnedpatches.Additionally,asslope
increases, the magnitude of time since ﬁre becomes greater.
Animals will likely only select areas with steeper slopes if it
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Figure 4. Aboveground plant biomass (g
0.10 m−2) of tallgrass prairie vegetation
from April to December 2009 at the
Oklahoma State University Research Range,
OK, USA. Symbols are means (n = 4)
representing patches that vary in the
amount of time since ﬁre; error bars are one
standard error. (A) Aboveground plant
biomass shown by day of year. (B)
Aboveground plant biomass as a function of
time since ﬁre (days).
hasbeenrecentlyburned.Theseinteractionswithinselection
decisions reinforce the ability of ﬁre to modify behavior and
the importance of studying the ﬁre–grazing interaction.
The ability for ﬁre to be a strong inﬂuence in herbivore
behavior has many potential ecological consequences. The
attraction to ﬁre creates the ﬁre–grazing interaction, which
shapesthesystem,createsheterogeneity,inﬂuencesecosystem
processes, and determines plant and animal populations and
distributions (Archibald et al. 2005; Fuhlendorf et al. 2006;
Leonard et al. 2010). In addition to site selection, ﬁre may
alter other individual behavior characteristics not studied in
this paper, such as residence time, movement tortuousity, or
traveling velocity (Kerby 2002), changing how animals inter-
act with and gather information from the landscape. Under-
standing the interaction of ﬁre and grazing may also demon-
strate evolutionary mechanisms and history. Differences in
the attraction to ﬁre have been shown between foregut and
hindgut fermenters, the former more attracted to ﬁre and
becoming more dominant during increased ﬁres prior to the
Pleistocene(Sensenigetal.2010).Withsomanyfar-reaching
effects, the ﬁre–grazing interaction is to be considered an
integral process of ﬁre-prone systems.
The mechanisms of the ﬁre–grazing interaction occur at
multiple scales. At broad scales, ﬁre and grazing must be
present and able to inﬂuence one another (i.e., patchy ﬁre;
herbivores need to be able to select among burned and un-
burned areas). At ﬁner scales, localized mechanisms attract
animals to burned areas. Forage quality of plants in recently
burned areas can be two to three times greater than areas
with more time since ﬁre (see also Sensenig et al. 2010). In
tallgrass prairie, areas that were burned within a year had
higher crude protein than areas with greater time since ﬁre.
As the growing season progressed, differences lessened and
forage quality became more similar due to plant matura-
tion. An additional ﬁre in the middle of the growing season
increased forage quality and was again greater than other
available areas. These spikes in nutritional content, created
by ﬁre and subsequent grazing, can be vital for the produc-
tivity of grazing animals within the system (Verweij et al.
2006; Parrini and Owen–Smith 2010). With patch ﬁres oc-
curringregularlyandthroughoutthelandscape,high-quality
forageisreadilyavailableandmaintained.Patchsizewillthen
play an important role in the maintenance of burned areas.
Due simply to size, smaller patches will have greater grazing
pressure (greater density of herbivores) and will be easier for
animals to keep in a short developing state of high nutri-
tional value, similar to grazing lawns (Waite 1963). This is
the likely reason bison preferred smaller patches over larger
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ones.Thismaintenanceoftheburnpatchisalsoshownbythe
preservation of higher forage quality and low biomass well
pastthegrowingseason(December).Thespatialheterogene-
ity of forage quality created by patchy ﬁre and subsequent
grazing is also primary mechanism of the ﬁre–grazing inter-
action. The continual preference for burned areas is due to
increased nutritional content in post ﬁre regrowth (Hobbs
et al. 1991; van de Vijver et al. 1999).
Along with site selection and other behavior attributes,
the ﬁre–grazing interaction may modify foraging strategies.
Though high-quality forage is readily available, grazing an-
imals must also make decisions regarding the tradeoff be-
tween quality and quantity (Demment and van Soest 1985;
Senft et al. 1987). In recently burned areas, where quan-
tity is low, intake rates are constrained by plant cropping,
whereas in areas with greater time since ﬁre, intake rates be-
come constrained by handling or processing (Spalinger and
Hobbs1992).Additionally,asplantbiomassincreasesorma-
tures, quality and digestibility decline (van Soest 1994). Such
tradeoffshavebeenresolvedbyshowingthatgrazinganimals
maximize energy intake by selecting for intermediate levels
of vegetation quantity (Fryxell 1991; Mueller et al. 2008).
Within the Serengeti, Wilmshurst et al. (1999) showed that
wildebeest (Connochaetes taurinus) selected for intermediate
biomass at broader landscapes scales, but not at ﬁner lo-
cal scales. In contrast, the ﬁndings presented here show that
thesegrazinganimalsareprimarilyselectingrecentlyburned
patches, which contain the lowest amounts of biomass but
highest amounts of protein. Decisions between forage quan-
tityandqualitywillultimatelyvary,dependinguponthetype
ofherbivore,resourceavailability,scale,etc.Duetometabolic
requirements and animal physiology, larger herbivores may
prefer both burned and unburned areas, while smaller ani-
mals may exclusively prefer burned areas (Wilsey 1996; van
de Vijver et al. 1999; Sensenig et al. 2010).
The attraction of grazing animals to burned areas and
the subsequent ﬁre–grazing interaction are not phenomena
restricted to North American grasslands, but are ecological
processesthatoccurglobally(TableS5).Magnitudeoftheat-
tractiontoburnedareasandestablishmentoftheﬁre–grazing
interaction can be expected to differ across systems and
species(seeKlopetal.2007;Bleichetal.2008).Theinﬂuence
ofenvironmentalvariablesonherbivorebehaviorwilldepend
upontheirdistributionandcomplexityacrossthelandscape,
for example, the inﬂuence of water is likely to be more in-
ﬂuential in arid regions. Although predators are not present
in the tallgrass prairie of this study, they would also play an
important role in herbivore site selection. Herbivores may
ﬁnd refuge in recently burned areas, as visibility is increased
and predators may be noticed more easily (Valeix et al. 2009;
Eby 2010); but visibility of prey is also increased and may
assist in predation. While the strength of the ﬁre–grazing in-
teraction may vary across systems, the interaction is likely to
be present to some degree, inﬂuencing ecosystem structure
and function.
Many ﬁre-dependent systems, particularly grasslands and
savannas, are endangered worldwide (Hoekstra et al. 2005).
While conservation goals within these systems frequently in-
volve restoring critical ecosystem processes, including ﬁre
and grazing (Hutto 2008; Sanderson et al. 2008), the impor-
tance of ﬁre is often underrepresented (Bowman et al. 2009).
Our ﬁndings contribute to the importance of ﬁre within the
ecosystem and support that ﬁre and grazing are a coupled
or single disturbance; their interaction may be just as vital
for the conservation of ﬁre-prone systems (Archibald et al.
2005; Fuhlendorf et al. 2009). Using knowledge from histor-
ical disturbance patterns, we can develop more effective land
managementandconservationstrategiestopreservetheseen-
dangeredsystemsandtheirinherentprocesses.Furthermore,
weshowthattheevolutionarydisturbancepatternscreatedby
ﬁre and grazing can be restored on working landscapes (do-
mesticlivestockproductiononsmallparcels).Whilethereare
differences between domestic and native or wild herbivores,
using ﬁre and grazing to manage livestock can help restore
the deﬁning role of these interactions, as well as critical pro-
cesses that contributeto biodiversity and ecosystem function
(Fuhlendorf and Engle 2001).
Theﬁre–grazinginteraction,however,isnotsimplyaman-
agement tool for conservation, but an inherent ecological
processofﬁre-pronesystems.Simplifyingoroverlookingthis
interaction leads to an incomplete understanding of the ef-
fects of ﬁre and herbivory (Fuhlendorf et al. 2009). Our data
show that the time since an area has burned is a primary
driver of ungulate behavior. Animals selectively prefer re-
cently burned areas and avoid areas with greater time since
ﬁre. This preference establishes the ﬁre–grazing interaction,
creatingnewconditionsandeffectsthatarenotpresentwhen
investigatingﬁreorgrazingindependently.Thoughthemag-
nitude of this preference was not as inﬂuential as woody
vegetation, it is high and greater than other environmental
predictors, indicating a strong interaction between ﬁre and
grazing. Incorporating and accounting for the ﬁre–grazing
interaction in ecological studies and conservation will con-
t i n u et oi m p r o v eo u rk n o w l e d g eo ft h e s ed i s t u r b a n c e s .F u r -
therstudyofthemechanismsofthisinteraction,aswellasits
inﬂuence on other ecosystem processes (e.g., nutrient ﬂow,
trophic interactions, primary productivity, etc.) is necessary
to better understand ﬁre-dependent landscapes.
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